One of the most worrying degradation mechanisms in hardened concrete is the occurrence of chemical expansive reactions, namely due to the alkali-silica reaction (ASR). This pathology involves the formation of expansive products inside the material. This situation is very difficult to deal with, because presently there is no efficient method to repair concrete structures affected by ASR. Hence, there is an urgent need to find preventive methods that may inhibit these reactions in new concrete structures. Nowadays, the use of pozzolanic mineral additions is recommended to mitigate this type of degradation. Moreover, their effect depends on their chemical and mineralogical composition and also on the cement content replacement ratio. Glass is a common material with some environmental problems regarding recycling and landfilling. Some studies exist about its use as fine powder, like a pozzolan, in cement-based materials. However, there are also some problems related to its use as coarse aggregate in cement -based materials due to ASR development. This paper, presents the results obtained of mortars exposed to 1M NaOH solution prepared with the use of crushed glass as aggregate and as addition in cement substitution. The results reveal that ASR is reduced with the incorporation of glass as aggregate or addition, being its efficiency dependent on its replacement content.
Introduction
The recycling of waste glass is a great environmental problem in worldwide. Due to its large availability the use of recycled materials in construction is among the most attractive options [1] . The glass, being amorphous and containing relatively large quantities of silica and calcium, is, in theory, pozzolanic when it is finely ground [2] . Recently, many studies have focused on the uses of waste glass as aggregates for cementitious materials or as cement replacements [2] [3] [4] [5] [6] . Early attempts to incorporate waste glass in concrete tended to focus on aggregate replacement. The properties of glass seemed comparable to those of large aggregate in terms of constitution, strength and durability, and the larger size of the glass meant lower processing costs. These early attempts however, were unsuccessful due to the alkali-silica reaction (ASR) which takes place in the presence of the amorphous silica and alkaline pore solution. In addition to ASR, several other challenges exist in incorporating waste glass into concrete, such as, size and shape of particles for coarse aggregate, which may negatively affect workability [7] . The objective of this study was to determine the effect of glass as aggregate replacement, of alkalireactive and non-alkali reactive aggregates, and as pozzolanic addition in ASR mitigation.
Experimental Program

Test conditions and materials
This study was carried out on mortars according the ASTM C 1567 mortar bar-test [8] , equivalent to the ASTM C 1260 [9] . The prismatic mortar specimens were cast using a Portland cement (OPC) type I 42.5 R, and aggregates of different lithologies and different alkali reactivity. Thus, we selected three types of aggregates, one crushed siliceous gravel, classified as reactive (expansion > 0.20% at 14 days, according to ASTM C 1260) and designated by R-CA, and two non-reactive (expansion < 0.10% at 14 days) designated by NR-FA (rolled siliceous sand) and NR-CA (crushed limestone gravel), respectively. The chemical compositions, obtained by WD-XRF, of the glass and cement used in mortars are presented in Table 1 . Fly ash (FA), metakaolin (MK) and ground granulated blast furnace slag (GGBS) compositions are also shown for comparison, having known pozzolanic activity [10, 11] . In addition, a composition (80OPC + 20GP) with the inclusion of fine glass powder (< 125 µm) in replacement (20 %, in mass) of a part of cement was also prepared, in order to assess its behaviour as pozzolanic material in inhibition of expansion due to ASR, by comparison with the composition only with cement and R-CA aggregate.
The mortar mixes used are show in Table 2 . 
Expansion tests
Mortar prisms (25 mm x 25 mm x 285 mm) were cast according the test method ASTM C 1567-08 [8] . The specimens were demoulded 24 hours after mixing, placed in water at 23° C and placed in a climatic chamber at 80° C for a further 24 hours. After which initial measurements (zero) for each specimen were taken. Then, the specimens were placed in a solution of NaOH 1M at 80° C where they remained 14 days, being undertaken several length measurements during this period. According to the test method, a mix is considered reactive if its expansion at 14 days is higher than 0.20% [9] . For a given reactive aggregate, the rate of incorporation of mineral admixtures is considered effective when the expansion at 14 days is below 0.10% [8, 12] . In this study, the expansion measurements have been extended until at least 28 days in order to evaluate the expansion behaviour of the blended mixes at the largest age.
SEM/EDS analysis of mortars
To complement the expansion tests and to evaluate the morphology and composition of the hydrated products formed, we performed SEM observations of the prismatic specimens after 28 days of test by scanning electron microscopy (SEM) JEOL JSM-6400 coupled with an OXFORD energy dispersive spectrometer Si(Li) X-ray detector (EDX), using secondary electron image mode.
Results and discussion
Expansion tests
The results obtained with only crushed glass as aggregate (Fig. 1) show that, according the expansion limits of the test-method, this material is classified as non-reactive (0.03% at 14 days). However, after 28 days, the evolution of the expansion curve shows an increase in the reaction rate. This means that glass presents slow and delayed alkali reactivity [13] . show that the expansion value observed at 14 days is almost the same without glass. However, we observe a slightly increase of the expansion value at 28 days when comparing with the mix without glass aggregate. Nevertheless, despite the increase of expansion at 28 days, the obtained values are below the maximum allowed (< 0.20% at 28 days) according to ASTM C 1260. On the other hand, when the glass aggregate replaces 20% of a reactive aggregate (R-CA 20), the expansion at 28 days is lower than the mortar with only reactive aggregate. Despite this reduction, the expansion presented is still high.
In the mix with glass powder as mineral addition (R-CA + 80OPC + 20GP), we observe a greater reduction in the expansion when comparing with the R-CA mix, even then, the expansion value exceeds the limit of the ASTM C 1567-08. This reduction was also observed when comparing with the R-CA 20 mix, which could be due to the pozzolanicity of the GP (Table 1) 
SEM/EDS analysis of mortars
Observations by SEM/EDS revealed the presence in all mixes of ASR products, crystalline and amorphous forms, although with differences in the composition and location of these products. The EDS analysis has shown that the crystalline products are richer in alkalis than the amorphous products, being the latter richer in calcium and normally responsible for the expansion behaviour in cement-based materials. The mortar mix that has evidenced higher quantity of ASR amorphous gel was, as expected, the R-CA mix (Fig. 3a) , and dispersed through the entire specimen. In the GA mix (Fig. 3b) we have also detected ASR amorphous gel, mainly localized in paste/glass interfaces as well in voids. The composition of the gel in this mix presents more aluminum than in the R-CA mix, which seems to be due to the glass composition. In the mixes with 20% of glass replacing non-reactive aggregates, it was evident a decrease in the ASR gel content. The ASR products in these mixes are mainly located in voids in the paste and around the glass particles (Fig. 4) . Besides, these mixes show a significant amount of calcium silicate hydrates. This, in the presence of non-reactive aggregates, shows that the glass aggregate do not modify the paste microstructure, resulting in the formation of dimensionally stable hydration products [14] .
In the mortar mix with glass powder incorporated as mineral addition, the SEM analysis show also crystalline and amorphous ASR gel (Fig. 5 ), but in less quantities than the other mixes with the same reactive aggregate. Several studies have confirmed that glass particles will not generate deleterious expansion themselves once they have grain sizes smaller than 300 µm. However, glass powder has very high alkali content, and these alkalis can be leached out resulting in ASR expansion when the natural aggregate is alkali-reactive [6] . However, in some cases [1, 6] the expansion of mortar bar decreases as the glass replacement level increases. One possible explanation is that the highly reactive glass powder would react with lime (CaO) and form a calcium silicate hydrate (CSH) with a low C/S ratio, which retains the alkalis in the CSH. According to this author, with respect to that reactive aggregate, it seems that it requires a substitution of 50% of cement by glass powder to reduce the expansion to a safety level. These observations are in agreement with our results, since 20% of replacement was not sufficient to reduce the expansion below 0.10%. 
Conclusion
The data presented in this paper show that there is a potential use in waste glass for cementitious materials, as aggregate or as pozzolan. Based on the experimental test results, the following conclusions can be drawn:
• The use of waste glass as aggregate do not increase the overall expansion of a mortar bar with a natural alkali-reactive aggregate.
• The waste glass could be used with natural non-reactive aggregates without deleterious expansion, depending on its replacement content.
• Glass powder exhibits some pozzolanic reactivity and can be used as mineral addition in cement replacement. However, depending of its replacement content, the alkalis and amorphous silica present in the glass powder can induce the formation of ASR gels in cementitious-based materials. The alkalis released from waste glass compromises its ability to suppress the ASR expansion at long-term. This situation could be minimized by the use of other supplementary cementing materials, such as FA, MK and GGBS, reducing the portlandite and pH of the cement paste.
• According to some previous works, the ASR expansion decreases as glass replacement increases, showing the best result for glass replacements of 50% or more. This justifies the need for further studies regarding the use of glass as aggregate and as pozzolanic addition in cementitious materials.
